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ABSTRACT

According to one embodiment of the present invention, a
memory cell array comprises a plurality of voids, the spatial
positions and dimensions of the voids being chosen such that
mechanical stress occurring within the memory cell array 1s at
least partly compensated by the voids.

sehavior of device during thermai stress
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G 3

top down view of CBRAM cell array with SC contacts
sottom electrode cell confacts)
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During further (high) temperature annealing (BEOL processing) the PL material
can expand without destroying/delaminating the PL/encapsuiation structure
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at room temperature:

FG 5B

During BEOL processing
(e.0. During anneal at
430°C)

The PL material expands
signiicantly, wnite the

VOIQS Shrink

FIG 50

Atter BEOL anneal the

Pl materiatl shrinks again
and due to the enhaced
Hexibility ot the void con-
taining gielectric ine
structure ¢oes neither
gegrade nor gelaminate




U.S. Patent Jun. 8, 2010 Sheet 5 of 11 US 7,732,888 B2

A gielectric (or semiconducting) fim 1s geposited over the PL
structure so that there (s a certain overhang during the (CVD)
geposition
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_acation of contacts below active materia
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Sehavior of device guring thermal stress
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INTEGRATED CIRCUI'T, METHOD FOR
MANUFACTURING AN INTEGRATED

CIRCUIT, MEMORY CELL ARRAY, MEMORY
MODULE, AND DEVICE

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of exemplary embodi-
ments of the present invention, reference 1s now made to the
tollowing description taken 1n conjunction with the accom-
panying drawings, in which:

FIG. 1a shows a schematic cross-sectional view of a
CBRAM cell set to a first memory state;

FIG. 15 shows a schematic cross-sectional view of a
CBRAM cell set to a second memory state;

FI1G. 2 shows a schematic cross-sectional view of a part of
a memory cell array according to one embodiment of the
present invention;

FIG. 3 shows a schematic top view of a part of a memory
cell array according to one embodiment of the present mnven-
tion;

FIG. 4a shows a schematic cross-sectional view of a pro-
cessing stage of one embodiment of the method according to
the present invention;

FIG. 45 shows a schematic cross-sectional view of a pro-
cessing stage of one embodiment of the method according to
the present invention;

FIG. 4¢ shows a schematic cross-sectional view of a pro-
cessing stage of one embodiment of the method according to
the present invention;

FIG. 3a shows a schematic cross-sectional view of a pro-
cessing stage of one embodiment of the method according to
the present invention;

FIG. 3b shows a schematic cross-sectional view of a pro-
cessing stage of one embodiment of the method according to
the present invention;

FIG. 3¢ shows a schematic cross-sectional view of a pro-
cessing stage of one embodiment of the method according to
the present invention;

FIG. 6 shows a schematic cross-sectional view of the pro-
cessing stage shown in FIG. 4a 1n a more detailed manner;

FI1G. 7a shows a schematic top view of a processing stage
of one embodiment of the method according to the present
invention;

FIG. 7b shows a schematic cross-sectional view of the
processing stage shown 1n FIG. 7a;

FIG. 8a shows a schematic top view of a processing stage
ol one embodiment of the method according to the present
imnvention;

FIG. 86 shows a schematic cross-sectional view of the
processing stage shown in FIG. 8a;

FI1G. 9a shows a schematic top view of a processing stage
of one embodiment of the method according to the present
invention;

FIG. 956 shows a schematic cross-sectional view of the
processing stage shown in FIG. 9a;

FI1G. 10a shows a schematic top view of a processing stage
of one embodiment of the method according to the present
invention;

FIG. 105 shows a schematic cross-sectional view of the
processing stage shown 1n FIG. 10a;

FIG. 11a shows a schematic top view of a processing stage
ol one embodiment of the method according to the present
imnvention;

FIG. 115 shows a schematic cross-sectional view of the
processing stage shown in FIG. 11a;
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FIG. 12 shows a schematic cross-sectional view of the
memory cell array shown 1 FIG. 115 and its behaviour dur-
ing a high temperature treatment;

FIG. 13 shows a cross-sectional view of a memory cell
array damaged due to high temperature;

FIG. 14 shows a flow chart of the method of manufacturing
a memory cell array according to one embodiment of the
present invention;

FIG. 15a shows a memory module according to one
embodiment of the present invention;

FIG. 156 shows a memory module according to one
embodiment of the present invention;

FIG. 16 shows a cross-sectional view of a phase changing,
memory cell;

FIG. 17 shows a schematic drawing of a memory device
including resistivity changing memory cells;

FIG. 18a shows a cross-sectional view of a carbon memory
cell set to a first switching state;

FIG. 185 shows a cross-sectional view of a carbon memory
cell set to a second switching state;

FIG. 19a shows a schematic drawing of a resistivity chang-
ing memory cell; and

FIG. 1956 shows a schematic drawing of a resistivity chang-
ing memory cell.

DETAILED DESCRIPTION OF ILLUSTRAITITV.
EMBODIMENTS

L1

According to one embodiment of the present invention, a
device comprising a plurality of voids 1s provided, the spatial
positions and dimensions of the voids being chosen such that
mechanical stress occurring within the device 1s at least partly
compensated by the voids. The device may be an arbitrary
device like a motherboard circuit of a personal computer.

According to one embodiment of the present invention, a
memory cell array including a plurality of voids 1s provided,
the spatial positions and dimensions of the voids being chosen
such that mechanical stress occurring within the memory cell
array 1s at least partly compensated by the voids.

According to a further embodiment of the present imnven-
tion, a memory cell array including a plurality of mechanical
stress compensation areas 1s provided, each stress compen-
sation area including compressible material or material hav-
ing anegative thermal expansion coetficient. The spatial posi-
tions and dimensions of the stress compensation areas are
chosen such that mechanical stress occurring within the
memory cell array 1s at least partly compensated by the stress
compensation areas.

According to one embodiment of the present invention, an
integrated circuit including a memory cell array including a
plurality of voids 1s provided, wherein the spatial positions
and dimensions of the voids are chosen such that mechanical
stress occurring in the memory cell array 1s at least partly
compensated by the voids.

Further, according to one embodiment of the present inven-
tion, a memory cell array including a plurality of voids 1s
provided, wherein the spatial positions and dimensions of the
vo1ds are chosen such that mechanical stress occurring in the
memory cell array 1s at least partly compensated by the voids.

For sake of simplicity, the following embodiments are
described 1n conjunction with a memory cell array. However,
all embodiments can be applied in an analogous manner to an
integrated circuit which includes such a memory cell array.

Memory cell arrays according to this embodiment may be
exposed to high mechanical stress since a stress compensa-
tion structure (voids) 1s mncluded into the memory cell array
which compensates mechanical stress resulting, for example,
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from high temperatures or from other influences to which the
memory cell array 1s exposed. As a consequence, the fabrica-
tion process of the memory cell array becomes more tlexible.

According to one embodiment of the present invention, at
least a part of at least one void 1s filled with compressible
material or material having a negative thermal expansion
coellicient. According to one embodiment of the present
invention, the compressible material 1s material that 1s easier
to compress than the materials surrounding the compressible
material. According to one embodiment of the present inven-
tion, the compressible material 1s nanoporous material.

Generally, the memory cell arrays according to the present
invention may be any kind of memory cell arrays. For
example, the memory cell array may be a resistive memory
cell array or a non-volatile memory cell array. The present
invention 1s not restricted to these examples.

Generally, the voids may be located at arbitrary positions
within the memory cell arrays. For example, at least a part of
at least one void may be arranged within an active material
layer of the memory cell array. A turther possibility 1s to
arrange all voids within the active material layer. At least a
part of the voids or all voids may be located within atleast one
dielectric material layer. The at least one dielectric material
layer may be disposed above the active material layer, for
example, cover the active matenal layer, or cover an electrode
layer disposed above the active material layer.

According to one embodiment of the present invention, the
memory cell array 1s a programmable metallization cell
(PMC) array. The programmable metallization cell (PMC)
array may be a solid electrolyte cell array like a solid electro-
lyte random access memory (CBRAM=conductive bridging
random access memory) cell array including a reactive elec-
trode layer, an inert electrode layer, and a solid electrolyte
layer being positioned between the reactive electrode layer
and the 1nert electrode layer, the solid electrolyte layer being
clectrically connected to the reactive electrode layer and the
inert electrode layer. In this embodiment, at least a part of at
least one void may be located within the solid electrolyte
layer or within the inert electrode layer or within the reactive
clectrode layer. The memory cell array may also be a phase
changing memory cell array like a phase changing random
access memory (PCRAM) cell array, a magneto-resistive
memory cell array like a magneto-resistive random access
memory (MRAM) cell array, or an organic memory cell array
like an organic random access memory (ORAM) cell array.

According to one embodiment of the present invention, the
material having a negative thermal expansion coefficient 1s
ZrW .0, (zircomum-tungsten-oxide). More generally, the
material having a negative thermal expansion coetlicient may
be a compound.

According to one embodiment of the present invention, an
integrated circuit including a memory cell array including a
plurality of mechanical stress compensation areas 15 pro-
vided. Each stress compensation area includes compressible
material or material having a negative thermal expansion
coellicient. The spatial positions and dimensions of the stress
compensation areas are chosen such that mechanical stress
occurring within the memory cell array 1s at least partly
compensated by the stress compensation areas.

Further, according to one embodiment of the present inven-
tion, a memory cell array including a plurality of mechanical
stress compensation areas 1s provided. Each stress compen-
sation area includes compressible material or material having
a negative thermal expansion coetlicient. The spatial posi-
tions and dimensions of the stress compensation areas are
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chosen such that mechanical stress occurring within the
memory cell array 1s at least partly compensated by the stress
compensation areas.

For sake of simplicity, the following embodiments are
described 1n conjunction with a memory cell array. However,
all embodiments can be applied in an analogous manner to an
integrated circuit which includes such a memory cell array.

Memory cell arrays according to this embodiment may be
exposed to high mechanical stress since a stress compensa-
tion area 1s included nto the memory cell array which com-
pensates mechanical stress resulting, for example, from high
temperatures or {from other intluences to which the memory
cell array 1s exposed. As a consequence, the fabrication pro-
cess of the memory cell array becomes more flexible.

According to one embodiment of the present invention, at
least one stress compensation area includes a trench structure,
the trench structure being at least partially filled with com-
pressible material or material having a negative thermal
expansion coellicient. Alternatively or additionally, the
trench structure may include a void structure.

Generally, the stress compensation areas may be located at
arbitrary positions within the memory cell arrays. For
example, at least a part of at least one stress compensation
area may be arranged within an active material layer of the
memory cell array. A further possibility 1s to arrange all stress
compensation areas within the active material layer.

In case that the memory cell array 1s a solid electrolyte
random access memory (CBRAM) cell array, atleasta part of
at least one stress compensation area may be located within
the solid electrolyte layer or within the nert electrode layer or
within the reactive electrode layer. At least a part or all stress
compensation areas may be located within at least one dielec-
tric material layer being disposed above the active material
layer or above an electrode layer.

According to one embodiment of the present invention, 1n
addition to the stress compensation areas, the memory cell
array further includes a plurality of voids, wherein the spatial
positions and dimensions of the voids are chosen such that
mechanical stress occurring within the memory cell array 1s at
least partly compensated by the voids.

According to one embodiment of the present invention, a
method of manufacturing a memory cell array 1s provided,
including the following processes:

providing a substrate,

depositing a plurality of layers on the substrate, the plural-
ity of layers including a trench structure,

overgrowing the trench structure such that voids are gen-
erated within the trench structure and/or above the trench
structure.

According to one embodiment of the present invention, the
process ol overgrowing the trench structure includes a (non
conform) trench filling process 1n which trench filling mate-
rial 1s filled 1into the trench structure, the trench filling process
being carried out such that overhangs of trench filling mate-
rial are grown at the edges of the trench structure opening
area.

According to one embodiment of the present invention, the
trench filling process 1s carried out until overhangs growing
on trench structure opening area edges facing each other
touch each other.

At least a part of the trench structure may be generated
within an active material layer and/or a dielectric material
layer being part of the plurality of layers.

According to one embodiment of the present invention, a
method of manufacturing a memory cell array 1s provided,
including the following processes:

providing a substrate,




US 7,732,888 B2

S

depositing a plurality of layers on the substrate, the plural-
ity of layers including a trench structure,

filling the trench structure with compressible material or
material having a negative thermal expansion coellicient.

According to one embodiment of the present invention, at
least a part of the trench structure 1s generated within a plug
layer including a plurality of plugs which contact an active
material layer or contact an electrode layer of the memory cell
array.

According to one embodiment of the present invention, a
back end of line process 1s carried out after the trench struc-
ture has been overgrown or after having filled the trench
structure with compressible material or material having a
negative thermal expansion coellicient.

According to one embodiment of the present invention, the
process of overgrowing the trench structure or the process of
filling the trench structure with compressible material or
material having a negative thermal expansion coefficient 1s
carried out at a temperature being lower than 400° C. in order
to avoid damages (e.g., delamination damages) within the
active matenial layer or other parts of the memory cell array.

At least a part of the trench structure may be generated
within an active material layer and/or a dielectric material
layer being part of the plurality of layers.

According to one embodiment of the present invention, the
material filled 1nto the trench structure or the material over-
growing the trench structure includes insulating material or
semiconducting material, for example, silicon oxide (S10,),
s1licon nitride (S1N), germanium oxide (GeQO) or germanium
nitride (GeN).

Memory cell arrays usually comprise a plurality of differ-
ent materials. The thermal expansion coelficients of these
materials may significantly differ from each other. As a con-
sequence, the memory cell array may be damaged when being
exposed to high temperatures (delamination damage).
According to one embodiment of the present invention, dam-
age within memory cell arrays resulting from different ther-
mal expansion coellicients 1s reduced.

Since the embodiments of the present invention can be
applied to programmable metallization cell devices (PMC)
(e.g., solid electrolyte devices like CBRAM (conductive
bridging random access memory) devices), in the following
description, making reference to FIGS. 1a and 15, a basic
principle underlying embodiments of CBRAM devices will
be explained.

As shown 1n FIG. 1a, a CBRAM cell 100 includes a first
clectrode 101 a second electrode 102, and a solid electrolyte
block (in the following also referred to as 10n conductor
block) 103 which includes the active material and which 1s
sandwiched between the first electrode 101 and the second
clectrode 102. This solid electrolyte block 103 can also be
shared between a large number of memory cells (not shown
here). The first electrode 101 contacts a first surtace 104 of the
10n conductor block 103, the second electrode 102 contacts a
second surface 105 of the 10n conductor block 103. The 1on
conductor block 103 1s 1solated against 1ts environment by an
1solation structure 106. The first surface 104 usually 1s the top
surface, the second surface 105 the bottom surface of the 1on
conductor 103. In the same way, the first electrode 101 gen-
erally 1s the top electrode, and the second electrode 102 the
bottom electrode of the CBRAM cell. One of the first elec-
trode 101 and the second electrode 102 1s a reactive electrode,
the other one an 1nert electrode. Here, the first electrode 101
1s the reactive electrode, and the second electrode 102 is the
mert electrode. In this example, the first electrode 101
includes silver (Ag), the 1on conductor block 103 includes
silver-doped chalcogenide material, the second electrode 102
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includes tungsten (W), and the isolation structure 106
includes S10,. The present invention 1s however not restricted
to these materials. For example, the first electrode 101 may
alternatively or additionally include copper (Cu) or zink (Zn),
and the 1on conductor block 103 may alternatively or addi-
tionally include copper-doped chalcogenide material. Fur-
ther, the second electrode 102 may alternatively or addition-
ally include nickel (N1) or platinum (Pt), iridium (Ir), rhenium
(Re), tantalum (Ta), titanium ('11), ruthenium (Ru), molybde-
num (Mo), vanadium (V), conductive oxides, silicides, and
nitrides of the aforementioned compounds, and can also
include alloys of the alorementioned metals or materials. The
thickness of the 1on conductor 103 may, for example, range
between 5 nm and 500 nm. The thickness of the first electrode
101 may, for example, range between 10 nm and 100 nm. The
thickness of the second electrode 102 may, for example, range
between 5 nm and 500 nm, between 15 nm to 150 nm, or
between 25 nm and 100 nm. It 1s to be understood that the
present invention 1s not restricted to the above-mentioned
materials and thicknesses.

In the context of this description, chalcogenide material
(1on conductor) 1s understood, for example, to be any com-
pound containing oxygen, sulphur, selentum, germanium
and/or tellurium. In accordance with one embodiment of the
invention, the 1on conducting material 1s, for example, a com-
pound, which 1s made of a chalcogenide and at least one metal
of the group I or group II of the periodic system, for example,
arsenic-trisulfide-silver. Alternatively, the chalcogenide
material contains germanium-sulfide (GeS_), germanium-se-
lenide (GeSe, ), tungsten oxide (WO, ), copper sulfide (CuS )
or the like. The 1on conducting material may be a solid state
clectrolyte. Furthermore, the 10on conducting material can be
made of a chalcogenide material containing metal 10mns,
wherein the metal 1ons can be made of a metal, which 1s
selected from a group consisting of silver, copper and zinc or
of a combination or an alloy of these metals.

If a voltage as indicated 1n FIG. 1a 1s applied across the 1on
conductor block 103, a redox reaction 1s initiated which
drives Ag™ 1ons out of the first electrode 101 into the ion
conductor block 103 where they are reduced to Ag, thereby
forming Ag rich clusters 108 within the 10n conductor block
103. If the voltage applied across the 1on conductor block 103
1s applied for an enhanced period of time, the size and the
number ol Ag rich clusters within the 10n conductor block 103
1s 1ncreased to such an extent that a conductive bridge 107
between the first electrode 101 and the second electrode 102
1s formed. In case that a voltage 1s applied across the 1on
conductor 103 as shown 1in FIG. 15 (inverse voltage compared
to the voltage applied 1n FIG. 1a), a redox reaction 1s initiated
which drives Ag™ 1ons out of the 1on conductor block 103 into
the first electrode 101 where they are reduced to Ag. As a
consequence, the size and the number of Ag rich clusters
within the 10n conductor block 103 is reduced, thereby eras-
ing the conductive bridge 107. After having applied the volt-
age/1mverse voltage, the memory cell 100 remains within the
corresponding defined switching state even if the voltage/
inverse voltage has been removed.

In order to determine the current memory status of a
CBRAM cell, for example, a sensing current 1s routed
through the CBRAM cell. The sensing current experiences a
high resistance in case no conductive bridge 107 exists within
the CBRAM cell, and experiences a low resistance 1n case a
conductive bridge 107 exists within the CBRAM cell. A high
resistance may, for example, represent “0”, whereas a low
resistance represents “1”, or vice versa. The memory status
detection may also be carried out using sensing voltages.
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FIG. 2 shows an embodiment of the memory cell array
according to the present invention. A memory cell array 200
includes a plurality of voids and/or mechanical stress com-
pensation areas 201 embedded into memory cell array mate-
rials which are summarized by reference numeral 202,
wherein the spatial positions and dimensions of the voids
and/or the mechanical stress compensation areas 201 are
chosen such that mechamical stress occurring within the
memory cell array 200 (within the memory cell array mate-
rials 202) 1s at least partly compensated by the voids and the
mechanical stress compensation areas 201.

FIG. 3 shows a memory cell array 300 comprising a plu-
rality of voids 302, wherein the spatial positions and dimen-
s1ons of the voids 302 are chosen such that mechanical stress
occurring within the memory cell array 300 1s at least partly
compensated by the voids 302. The voids 302 are, for
example, located within an active material layer (not shown)
arranged above bottom electrodes 303 (the voids are, for
example, located between structured PL areas (PL includes
the chalcogemde material and may include top electrode
material)), the lateral positions of the voids 302 lying between
the lateral positions of the bottom electrodes 303. In other
words, the voids 302 lie between memory cells 304 of the
memory cell array 300 (the area of the active material layer
positioned above a bottom electrode 303, together with the
bottom electrode 303 and a top electrode (not shown) posi-
tioned above the active material layer forms a memory cell
304). At least a part of at least one void 302 may be filled with
compressible material or material having a negative thermal
expansion coelficient. The compressible material may for
example be nanoporous material. The material having a nega-
tive thermal expansion coelilicient may, for example, be
Z1W ., 0,,.

If the memory cell array 300 1s subjected to a high tem-
perature, for example during an annealing process, the bot-
tom electrodes 303 and the top electrodes (not shown) will
expand relatively strong (compared to other materials of the
memory cell array 300), thereby causing mechanical stress
within the memory cell array 300. The stress caused by the
bottom electrodes 303 and the top electrodes are at least partly
compensated by the voids 302. The spatial dimensions of the
vo1ds 302 are reduced when the bottom electrodes 303 and the
top electrodes expand, thereby compensating the mechanical
stress caused by the expansion of the bottom electrodes 303
and the top electrodes.

FI1G. 4a shows a processing stage of one embodiment of the
method according to the present invention. In the processing,
stage shown 1n FIG. 4b, an active matenal layer 4035 (for
example, a chalcogenide layer) has been patterned, thereby
obtaining a first active material region 405, and a second
active material region 405 ,. After having patterned the active
material layer 405, a trench filling process 1s carried out in
which trench filling material 406 (for example, dielectric
material or semiconducting maternial) 1s filled 1nto a trench
structure 407 being positioned between the first active mate-
rial region 405, and the second active material region 405,
(the trench structure results from the patterning process men-
tioned above). The trench filling process may, for example, be
carried out using a chemical vapour deposition (CVD) pro-
cess. The trench filling process 1s carried out such that over-
hangs 408 of trench filling material 406 are grown at the edges
409 of a trench opening area. The trench filling process may
be carried out at least until the overhangs 408, 408, growing
on trench structure opening area edges 409 facing each other
(first opening area edge 409, and second opening area edge
409,) touch each other, as shown 1n FIG. 4b. In this way, a
void 402 1s generated, a first part of which being positioned
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within the trench structure 407, and a second part of which
being positioned above the trench structure 407. The trench
filling process may be carried out until the void 402 1s covered
with a predetermined thickness D of trench filling materials
406, as shown 1n FIG. 4¢. This ensures that the layer of trench
filling material 406 will not delaminate in case a high
mechanical stress occurs within the trench filling material
406. Further layers may be deposited above the trench filling
materials 406 during a back end of line process, for example.

FIG. 5a shows the structure shown 1n FIG. 4¢ before sub-
jecting the structure to an annealing process (for example, at
room temperature). The annealing process (which may, for
example, occur during a back and of line (BEOL) process)
which may, for example, have a temperature of 430° C.
cifects that the first active matenal region 403, as well as the
second active material region 405, expand vertically (indi-
cated by arrow “H”) and laterally (indicated by arrow “L”).
The expansion of the first active material region 405, and the
second active material region 405, causes mechanical stress
within the structure. This mechanical stress 1s compensated
by decreasing the spatial dimensions of the void 402, as
shown 1n FIG. 5b. As soon as the annealing process ends, the
spatial dimensions of the first active material region 405, and
the second active material region 405, decrease, whereas the
spatial dimensions of the void 402 increase (see FIG. 5¢). In
this way, the active maternial layer 405 can expand without
destroying/delaminating the trench filling material 406 (more
generally, without destroying/delaminating an active material
encapsulation structure).

FIG. 6 shows the processing stage shown in FIG. 4a 1n
more detail, where the first active material region 405, and the
second active material region 405, are deposited on a carrier
structure 600, for example, a dielectric having bottom elec-
trode contacts.

FIGS. 7a and 7b show a processing stage 700 of a memory
cell manufacturing process according to one embodiment of
the present invention in which an active material layer 701
(for example, a chalcogenide layer) has been provided on a
substrate layer 702 comprising a plurality of bottom elec-
trodes 703. FIGS. 8a and 86 show a processing stage 800 in
which a top electrode layer 801 has been provided on the
active matenial layer 701. Further, a patterned mask layer 802
has been provided on the top electrode layer 801. The elec-
trode layer 801 can be used as a hardmask 1n the manufactur-
ing process. FIGS. 9a and 95 show a processing stage 900 1n
which a trench structure 901 has been generated within a
composite structure comprising the top electrode layer 801
and the active material layer 701. The trench structure 901
may, for example, be generated by an etching process using
the mask layer 802. Here, 1t1s shown to etch completely down
to the substrate layer 702. Alternatively, 1t may be suificient to
ctch only a part of the active matenial layer 701 or of the top
clectrode layer 801. FIGS. 10a and 105 show a processing
stage 1000 1n which the trench structure 901 has been filled
with filling maternial 1001 which 1s a compressible material
(for example, nanoporous material) or material having a
negative thermal expansion coeflicient. In FIGS. 11aq and
115, a processing stage 1100 1s shown 1n which a dielectric
layer 1101 (ILD layer) has been provided on the top surface of
the structure shown 1n FIGS. 10a and 1056. Before this pro-
cess, a chemical mechanical polishing process (CMP) may be
carried out 1n order to obtain a uniform surface.

FI1G. 12 shows the structure shown in FIGS. 11q, 115
during an annealing process of the structure. As can be
derived from FIG. 12, mechanical stress indicated by arrows
“S” (expansion of the patterned top electrode layer 801) 1s
compensated by the filling material 1001, the spatial dimen-
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sions of which decrease due to a negative thermal expansion
coellicient or due to 1ts compression capabilities which 1s
indicated by arrows “C”.

In this way, a degradation of the structure shown 1n FIG. 12
due to mechanical (thermal) stress can be avoided.

FIG. 13 shows the delamination of a stack 1300 of layers
disposed above a Si-substrate 1301 after having carried out a
thermal annealing process. The stack 1300 of layers 1s
delaminating at an interface between S1 based material and
GeS, based material, thereby forming a gap 1302. This dem-
onstrates the problem of thermal expansion.

FI1G. 14 shows one embodiment of the fabrication method
according to the present mvention. In a first process P1, a
substrate 1s provided. In a second process P2, a plurality of
layers 1s deposited on the substrate, the plurality of layers
comprising a trench structure. In a third process P3, the trench
structure 1s overgrown such that voids are generated within
the trench structure or above the trench structure and/or the
trench structure 1s filled with compressible material or mate-
rial having a negative thermal expansion coellicient.

As shown 1n FIGS. 154 and 1554, 1n some embodiments,
memory devices/integrated circuits/memory cell arrays such
as those described herein may be used in modules. In FIG.
15a, a memory module 1500 1s shown, on which one or more
memory devices 1504 are arranged on a substrate 1502. The
memory device 1504 may include numerous memory cells,
cach of which being part of a memory cell array 1n accordance
with an embodiment of the invention. The memory module
1500 may also include one or more electronic devices 1506,
which may include memory, processing circuitry, control
circuitry, addressing circuitry, bus imterconnection circuitry,
or other circuitry or electronic devices that may be combined
on a module with a memory device, such as the memory
device 1504. Additionally, the memory module 1500 includes
multiple electrical connections 1508, which may be used to
connect the memory module 1500 to other electronic com-
ponents, including other modules.

As shown 1n FIG. 15B, in some embodiments, these mod-
ules may be stackable, to form a stack 1550. For example, a
stackable memory module 1552 may contain one or more
memory devices 1556, arranged on a stackable substrate
1554. The memory device 1556 contains memory cells that
employ memory elements in accordance with an embodiment
of the mvention. The stackable memory module 1552 may
also include one or more electronic devices 1558, which may
include memory, processing circuitry, control circuitry,
addressing circuitry, bus interconnection circuitry, or other
circuitry or electronic devices that may be combined on a
module with a memory device, such as the memory device
1556. Electrical connections 1560 are used to connect the
stackable memory module 1552 with other modules in the
stack 1550, or with other electronic devices. Other modules in
the stack 1550 may include additional stackable memory
modules, similar to the stackable memory module 1552
described above, or other types of stackable modules, such as
stackable processing modules, control modules, communica-
tion modules, or other modules containing electronic compo-
nents.

According to one embodiment of the invention, the resis-
tivity changing memory cells are phase changing memory
cells that include a phase changing material. The phase
changing material can be switched between at least two dii-
terent crystallization states (i.e., the phase changing material
may adopt at least two different degrees of crystallization),
wherein each crystallization state may be used to represent a
memory state. When the number of possible crystallization
states 1s two, the crystallization state having a high degree of
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crystallization 1s also referred to as a “crystalline state”,
whereas the crystallization state having a low degree of crys-
tallization 1s also referred to as an “amorphous state”. Difler-
ent crystallization states can be distinguished from each other
by their differing electrical properties, and 1n particular by
their different resistances. For example, a crystallization state
having a high degree of crystallization (ordered atomic struc-
ture) generally has a lower resistance than a crystallization
state having a low degree of crystallization (disordered
atomic structure). For sake of stmplicity, 1t will be assumed 1n
the following that the phase changing material can adopt two
crystallization states (an “amorphous state” and a “crystalline
state”), however 1t will be understood that additional inter-
mediate states may also be used.

Phase changing memory cells may change from the amor-
phous state to the crystalline state (and vice versa) due to
temperature changes of the phase changing maternial. These
temperature changes may be caused using different
approaches. For example, a current may be driven through the
phase changing material (or a voltage may be applied across
the phase changing material). Alternatively, a current or a
voltage may be fed to a resistive heater which 1s disposed
adjacent to the phase changing material. To determine the
memory state of a resistivity changing memory cell, a sensing
current may be routed through the phase changing material
(or a sensing voltage may be applied across the phase chang-
ing material), thereby sensing the resistivity of the resistivity
changing memory cell, which represents the memory state of
the memory cell.

FIG. 16 illustrates a cross-sectional view of an exemplary
phase changing memory cell 1600 (active-in-via type). The
phase changing memory cell 1600 includes a first electrode
1606, a phase changing material 1604, a second electrode
1602, and an 1nsulating material 1608. The phase changing
material 1604 1s laterally enclosed by the insulating material
1608. To use the phase changing memory cell, a selection
device (not shown), such as a transistor, a diode, or another
active device, may be coupled to the first electrode 1606 or to
the second electrode 1602 to control the application of a
current or a voltage to the phase changing material 1604 via
the first electrode 1606 and/or the second electrode 1602. To
set the phase changing material 1604 to the crystalline state,
a current pulse and/or voltage pulse may be applied to the
phase changing material 1604, wherein the pulse parameters
are chosen such that the phase changing material 1604 is
heated above 1ts crystallization temperature, while keeping
the temperature below the melting temperature of the phase
changing material 1604. To set the phase changing material
1604 to the amorphous state, a current pulse and/or voltage
pulse may be applied to the phase changing material 1604,
wherein the pulse parameters are chosen such that the phase
changing material 1604 1s quickly heated above 1ts melting
temperature, and 1s quickly cooled.

The phase changing material 1604 may include a variety of
materials. According to one embodiment, the phase changing
material 1604 may include or consist of a chalcogenide alloy
that includes one or more elements from group VI of the
periodic table. According to another embodiment, the phase
changing material 1604 may include or consist of a chalco-
genide compound material, such as GeSbTe, SbTe, Gele or
AgInSbTe. According to a further embodiment, the phase
changing material 1604 may include or consist of chalcogen
free material, such as GeSb, GaSb, InSb, or GeGalnSh.
According to still another embodiment, the phase changing
material 1604 may include or consist of any suitable material
including one or more of the elements Ge, Sb, Te, Ga, Bi, Pb,

Sn, S1, P, O, As, In, Se, and S.
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According to one embodiment, at least one of the first
clectrode 1606 and the second electrode 1602 may include or
consist of T1, V, Cr, Zr, Nb, Mo, Hf, Ta, W, or mixtures or
alloys thereol. According to another embodiment, at least one
of the first electrode 1606 and the second electrode 1602 may
include or consist of 11, V, Cr, Zr, Nb, Mo, Hf. Ta, W and two
or more elements selected from the group consisting of B, C,
N, O, Al, 81, P, S, and/or mixtures and alloys thereof.
Examples of such materials include TiCN, TIAIN, TiSiN,
W—AIL,0O; and Cr—Al,O,;.

FIG. 17 illustrates a block diagram of a memory device
1700 including a write pulse generator 1702, a distribution
circuit 1704, phase changing memory cells 1706a, 17065,
1706¢, 1706d (for example phase changing memory cells
1700 as shown 1n FIG. 17), and a sense amplifier 1708.
According to one embodiment, a write pulse generator 1705
generates current pulses or voltage pulses that are supplied to
the phase changing memory cells 1706a, 17065, 1706c,
1706d via the distribution circuit 1704, thereby programming
the memory states of the phase changing memory cells
1706a,1706b6,1706c,1706d. According to one embodiment,
the distribution circuit 1704 includes a plurality of transistors
that supply direct current pulses or direct voltage pulses to the
phase changing memory cells 1706a, 17065, 1706¢, 1706d or
to heaters being disposed adjacent to the phase changing
memory cells 1706a, 17065, 1706¢, 17064.

As already indicated, the phase changing material of the
phase changing memory cells 1706a, 17065, 1706¢, 17064
may be changed from the amorphous state to the crystalline
state (or vice versa) under the influence of a temperature
change. More generally, the phase changing material may be
changed from a first degree of crystallization to a second
degree of crystallization (or vice versa) under the influence of
a temperature change. For example, a bit value “0” may be
assigned to the first (low) degree of crystallization, and a bit
value “1” may be assigned to the second (high) degree of
crystallization. Since different degrees of crystallization
imply different electrical resistances, the sense amplifier
1708 1s capable of determining the memory state of one of the
phase changing memory cells 1706a, 17065, 1706¢, or 17064
in dependence on the resistance of the phase changing mate-
rial.

To achieve high memory densities, the phase changing
memory cells 1706a, 17065, 1706c, 17064 may be capable of
storing multiple bits of data, 1.e., the phase changing material
may be programmed to more than two resistance values. For
example, 11 a phase changing memory cell 1706a, 17065,
1706¢, 17064 1s programmed to one of three possible resis-
tance levels, 1.5 bits of data per memory cell can be stored. IT
the phase changing memory cell 1s programmed to one of four
possible resistance levels, two bits of data per memory cell
can be stored, and so on.

The embodiment shown 1n FIG. 17 may also be applied in
a similar manner to other types ol resistivity changing
memory cells like programmable metallization cells (PMCs),
magento-resistive memory cells (e.g., MRAMSs) or organic
memory cells (e.g., ORAMsS).

Another type of resistivity changing memory cell may be
formed using carbon as a resistivity changing material. Gen-
erally, amorphous carbon that is rich is sp-hybridized carbon
(1.e., tetrahedrally bonded carbon) has a high resistivity, while
amorphous carbon that is rich in sp>-hybridized carbon (i.e.,
trigonally bonded carbon) has a low resistivity. This differ-
ence 1n resistivity can be used in a resistivity changing
memory cell.

In one embodiment, a carbon memory cell may be formed
in a manner similar to that described above with reference to
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phase changing memory cells. A temperature-induced
change between an sp”-rich state and an sp-rich state may be
used to change the resistivity of an amorphous carbon mate-
rial. These differing resistivities may be used to represent
different memory states. For example, a high resistance sp-
rich state can be used to represent a “0””, and a low resistance
sp~-rich state can be used to represent a “1”. It will be under-
stood that intermediate resistance states may be used to rep-
resent multiple bits, as discussed above.

Generally, 1n this type of carbon memory cell, application
of a first temperature causes a change of high resistivity
sp~-rich amorphous carbon to relatively low resistivity sp>-
rich amorphous carbon. This conversion can be reversed by
application of a second temperature, which 1s typically higher
than the first temperature. As discussed above, these tempera-
tures may be provided, for example, by applying a current
and/or voltage pulse to the carbon maternial. Alternatively, the
temperatures can be provided by using a resistive heater that
1s disposed adjacent to the carbon material.

Another way in which resistivity changes 1n amorphous
carbon can be used to store information 1s by field-strength
induced growth of a conductive path in an insulating amor-
phous carbon film. For example, applying voltage or current
pulses may cause the formation of a conductive sp~ filament
in insulating sp -rich amorphous carbon. The operation of
this type of resistive carbon memory 1s illustrated 1n FIGS. 4a
and 4b.

FIG. 18a shows a carbon memory cell 1800 that includes a
top contact 1802, a carbon storage layer 1804 including an
insulating amorphous carbon material rich in sp>-hybridized
carbon atoms, and a bottom contact 1806. As shown in FIG.
1856, by forcing a current (or voltage) through the carbon
storage layer 1804, an sp” filament 1850 can be formed in the
sp”-rich carbon storage layer 1804, changing the resistivity of
the memory cell. Application of a current (or voltage) pulse
with higher energy (or, 1n some embodiments, reversed polar-
ity) may destroy the sp” filament 1850, increasing the resis-
tance of the carbon storage layer 1804. As discussed above,
these changes 1n the resistance of the carbon storage layer
1804 can be used to store information, with, for example, a
high resistance state representing a “0” and a low resistance
state representing a “1”. Additionally, 1n some embodiments,
intermediate degrees of filament formation or formation of
multiple filaments in the sp’-rich carbon film may be used to
provide multiple varying resistivity levels, which may be
used to represent multiple bits of mformation i a carbon
memory cell. In some embodiments, alternating layers of
sp-rich carbon and sp”-rich carbon may be used to enhance
the formation of conductive filaments through the sp”-rich
layers, reducing the current and/or voltage that may be used to
write a value to this type of carbon memory.

Resistivity changing memory cells, such as the phase
changing memory cells and carbon memory cells described
above, may include a transistor, diode, or other active com-
ponent for selecting the memory cell. FIG. 19a shows a
schematic representation of such a memory cell that uses a
resistivity changing memory element. The memory cell 1900
includes a select transistor 1902 and a resistivity changing
memory element 1904. The select transistor 1902 includes a
source 1906 that 1s connected to a bit line 1908, a drain 1910
that 1s connected to the memory element 1904, and a gate
1912 that 1s connected to a word line 1914. The resistivity
changing memory element 1904 also 1s connected to a com-
mon line 1916, which may be connected to ground, or to other
circuitry, such as circuitry (not shown) for determining the
resistance of the memory cell 1900, for use 1n reading. Alter-
natively, in some configurations, circuitry (not shown) for
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determining the state of the memory cell 1900 during reading
may be connected to the bit line 1908. It should be noted that
as used herein the terms connected and coupled are intended
to 1nclude both direct and indirect connection and coupling,
respectively.

To write to the memory cell 1900, the word line 1914 1s
used to select the memory cell 1900, and a current (or voltage)
pulse on the bit line 1908 1s applied to the resistivity changing,
memory element 1904, changing the resistance of the resis-
tivity changing memory element 1904. Similarly, when read-
ing the memory cell 1900, the word line 1914 1s used to select
the cell 1900, and the bit line 1908 1s used to apply a reading
voltage (or current) across the resistivity changing memory
clement 1904 to measure the resistance of the resistivity
changing memory element 1904.

The memory cell 1900 may be referred to as a 1T117 cell,
because 1t uses one transistor, and one memory junction (the
resistivity changing memory eclement 1904). Typically, a
memory device will include an array of many such cells. It
will be understood that other configurations for a 1T1J
memory cell, or configurations other than a 1T1J configura-
tion may be used with a resistivity changing memory element.
For example, in FIG. 19B, an alternative arrangement for a
1'T1J memory cell 1950 1s shown, 1n which a select transistor
1952 and a resistivity changing memory element 1954 have
been repositioned with respect to the configuration shown in
FIG. 19a. In this alternative configuration, the resistivity
changing memory element 19354 1s connected to a bit line
1958, and to a source 1956 of the select transistor 1952. A
drain 1960 of the select transistor 1952 1s connected to a
common line 1966, which may be connected to ground, or to
other circuitry (not shown), as discussed above. A gate 1962
ol the select transistor 1952 1s controlled by a word line 1964.

In the following description, further aspects of embodi-
ments ol the invention will be explained.

An embodiment of the invention relates to the manufactur-
ing of non-volatile memories, for example, conductive bridg-
ing (CB) RAM memories. The concept of this memory type
relies on the creation or destruction of conductive bridges
formed by a metal within a chalcogenide glass matrix upon
application of a voltage that 1s larger than a certain positive
threshold voltage to form the bridge, or larger (more negative)
than a certain negative threshold voltage to erase the bridge.
The information stored 1n this bridge can be read with an
intermediate voltage. Compared to current technologies (eg.,
DRAM, Flash) this approach offers continued scalability
down to very small features sizes combined with non-vola-
tility, fast programming and low power consumption.

A metal which may be used for the formation of the con-
ductive bridges 1s silver (Ag) since i1t has a high mobility
within the matrix and thus allows building a fast switching
memory. As chalcogenide maternials germanium sulfide or
germanium selenide compounds are under 1nvestigation.

However, silver (Ag), selenium (Se) and sulfur (S) based
materials have large thermal expansion coelficients as can be
seen from the expansion coelficient list below:

Ge 6.0 107K
Ag 19.0 107%/K
S 36.0 107K
SiO, 0.5 107K
SizN, 3.3 107%K

Since the thermal expansion coellicients of standard inter
layer dielectricum (ILD) materials like silicon oxide (810,)
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or silicon nitride (SiN, e.g. S1;N,) significantly differ from
the thermal expansion coefficients of silver (Ag), selentum
(Se), sulfur (S) or similar materials, mechanical stress 1s
generated during annealing processes.

According to one embodiment of the present invention, a
hole-patterned (cheesed) active material plate 1s formed
instead of a continuous active material plate. For this process
an additional lithography step may be required to define the
areas where the etching/cheesing 1s supposed to be done. In
this way, voids are introduced into the CBRAM cell areas.

The etching (“cheesing”) process does not necessarily
have to etch away all of the plate/active material. Some active
material and/or plate (top electrode) can be leit in between the
cells after the etching. After the “cheesing” process there 1s a
film deposition process which overgrows the trenches
between the individual CBRAM cells. This process can be a
CVD process (or a physical vapour deposition (PVD) pro-
cess). The matenial to be deposited can be a dielectric or a
sem1 conducting material. After this processing a standard
back end of line (BEOL) process including the generation of
one or several metal layers, dielectric isolations, metallic
contacts, and final encapsulations can be carried out.

Memory devices may use a complete (continuous) plate of
CBRAM-active material with a common metal contact on
one side and single via-contacts on the other side of the active
material. Due to the significant thermal expansion of the
above mentioned material delamination or other general
matenal failures can occur during integration steps per-
formed at elevated temperatures that are following the depo-
sition of the active material.

According to one embodiment of the present invention, a
hole-patterned (cheesed) active material plate 1s used 1nstead
of a continuous plate. The holes of the patterned active mate-
rial plate are then filled with nanoporous material that can
casily be compressed or with a material that 1s exhibiting a
negative thermal expansion coetlicient, e.g., ZrW,Ox.

According to one embodiment of the present ivention,
stacked levels of CBRAM active materials are used. The hole
patterning may be limited to a part of the active material stack.

As used herein the terms connected and coupled are
intended to include both direct and indirect connection and
coupling, respectively.

The foregoing description has been presented for purposes
of 1llustration and description. It 1s not intended to be exhaus-
tive or to limit the mvention to the precise form disclosed, and
obviously many modifications and varnations are possible 1n
light of the disclosed teaching. The described embodiments
were chosen 1n order to best explain the principles of the
invention and 1ts practical application to thereby enable oth-
ers skilled in the art to best utilize the invention 1n various
embodiments and with various modifications as are suited to
the particular use contemplated. It 1s intended that the scope
of the mvention be defined solely by the claims appended
hereto.

What 1s claimed 1s:

1. An integrated circuit comprising a memory cell array
comprising a plurality of voids, spatial positions and dimen-
sions of the voids being chosen such that mechanical stress
occurring within the memory cell array 1s at least partly
compensated by the voids,

wherein the memory cell array comprises a solid electro-

lyte random access memory cell array comprising a
reactive electrode layer, an nert electrode layer, and a
solid electrolyte layer positioned between the reactive
clectrode layer and the inert electrode layer, the solid
clectrolyte layer being electrically connected to the reac-
tive electrode layer and the inert electrode layer, and
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wherein at least a part of at least one void 1s located within
at least one of the solid electrolyte layer, the 1nert elec-
trode layer, the reactive electrode layer, and at least one
dielectric layer that 1s disposed above the solid electro-
lyte layer.

2. The 1ntegrated circuit according to claim 1, wherein at
least a part of at least one void 1s filled with compressible
material or material having a negative thermal expansion
coellicient.

3. The mtegrated circuit according to claim 2, wherein the
compressible material comprises a nanoporous material.

4. The mtegrated circuit according to claim 1, wherein the
memory cell array comprises a resistive memory cell array.

5. The mtegrated circuit according to claim 1, wherein the
memory cell array comprises a non-volatile memory cell
array.

6. The integrated circuit according to claim 1, wherein the
memory cell array comprises an active material layer, at least
a part ol at least one void being located within the active
material layer.

7. The integrated circuit according to claim 6, wherein all
voids are located within the active material layer.

8. The integrated circuit according to claim 1, wherein all
voids are located within at least one dielectric material layer.

9. The integrated circuit according to claim 6, wherein all
vo1ds are located within at least one dielectric matenial layer
that 1s disposed above an active material layer and/or an
clectrode layer that 1s disposed above the active material
layer.

10. The integrated circuit according to claim 2, wherein at
least part of at least one void 1s filled with a material having a
negative thermal expansion coetficient, the material compris-
ing a compound.

11. The integrated circuit according to claim 10, wherein
the material having a negative thermal expansion coelilicient
comprises Zrw,0x.

12. An integrated circuit comprising a memory cell array
comprising a plurality of mechanical stress compensation
areas, each stress compensation area comprising Compress-
ible material or material having a negative thermal expansion
coellicient, spatial positions and dimensions of the stress
compensation areas being chosen such that mechanical stress
occurring within the memory cell array 1s at least partly
compensated by the stress compensation areas,

wherein the memory cell array comprises a programmable

metallization cell array,
wherein the memory cell array comprises a reactive elec-
trode layer, an 1nert electrode layer, and a solid electro-
lyte layer that 1s positioned between the reactive elec-
trode layer and the iert electrode layer, the solid
clectrolyte layer being electrically connected to the reac-
tive electrode layer and the inert electrode layer, and

wherein at least a part of at least one stress compensation
area 1s located within at least one of the solid electrolyte
layer, the inert electrode layer, the reactive electrode
layer, and at least one dielectric layer that 1s disposed
above the solid electrolyte layer.

13. The mtegrated circuit according to claim 12, wherein
cach stress area comprises a compressible material, the com-
pressible material comprising a nanoporous material.

14. The integrated circuit according to claim 12, wherein
the memory cell array comprises a resistive memory cell
array.

15. The mtegrated circuit according to claim 12, wherein
the memory cell array comprises a non-volatile memory cell
array.
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16. The integrated circuit according to claim 12, wherein at
least one stress compensation area comprises a trench struc-
ture, the trench structure being at least partially filled with the
compressible material or the matenal having a negative ther-
mal expansion coellicient.
17. The integrated circuit according to claim 12, wherein
the memory cell array comprises an active material layer, at
least a part of at least one stress compensation area being
located within the active material layer.
18. The integrated circuit according to claim 17, wherein
all stress compensation areas are located within the active
material layer.
19. The mntegrated circuit according to claim 17, wherein
all stress compensation areas are located within a dielectric
matenal layer that 1s disposed above the active material layer.
20. The ntegrated circuit according to claim 12, wherein
the memory cell array comprises a phase changing memory
cell array.
21. The integrated circuit according to claim 12, further
comprising a plurality of voids, spatial positions and dimen-
sions of the voids being chosen such that mechanical stress
occurring within the memory cell array 1s at least partly
compensated by the voids.
22. The mtegrated circuit according to claim 12, wherein
cach stress compensation area comprises Zrw.sub.20.sub.8.
23. A memory cell array comprising a plurality of voids,
spatial positions and dimensions of the voids being chosen
such that mechanical stress occurring within the memory cell
array 1s at least partly compensated by the voids,
wherein the memory cell array comprises a solid electro-
lyte random access memory cell array comprising a
reactive electrode layer, an nert electrode layer, and a
solid electrolyte layer positioned between the reactive
clectrode layer and the inert electrode layer, the solid
clectrolyte layer being electrically connected to the reac-
tive electrode layer and the inert electrode layer, and

wherein at least a part of at least one void 1s located within
at least one of the solid electrolyte layer, the inert elec-
trode layer, the reactive electrode layer, and the at least
one dielectric layer that 1s disposed above the solid elec-
trolyte layer.

24. A memory cell array comprising a plurality of mechani-
cal stress compensation areas, each stress compensation area
comprising compressible material or material having a nega-
tive thermal expansion coellicient; and spatial positions and
dimensions of the stress compensation areas being chosen
such that mechanical stress occurring within the memory cell
array 1s at least partly compensated by the stress compensa-
tion areas,

wherein the memory cell array comprises a programmable

metallization cell array,
wherein the memory cell array comprises a reactive elec-
trode layer, an 1nert electrode layer, and a solid electro-
lyte layer that 1s positioned between the reactive elec-
trode layer and the iert electrode layer, the solid
clectrolyte layer being electrically connected to the reac-
tive electrode layer and the inert electrode layer, and

wherein at least a part of at least one stress compensation
area 1s located within at least one of the solid electrolyte
layer, the inert electrode layer, the reactive electrode
layer, and at least one dielectric layer that 1s disposed
above the solid electrolyte layer.

25. A memory module comprising at least one memory
device comprising a memory cell array that comprises a plu-
rality of voids, spatial positions and dimensions of the voids
being chosen such that mechanical stress occurring within the
memory cell array 1s at least partly compensated by the voids,
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wherein the memory module comprises a solid electrolyte
random access memory cell array comprising a reactive elec-
trode layer, an inert electrode layer, and a solid electrolyte
layer positioned between the reactive electrode layer and the
inert electrode layer, the solid electrolyte layer being electri-
cally connected to the reactive electrode layer and the nert
clectrode layer, and

wherein at least a part of at least one void 1s located within
at least one of the solid electrolyte layer, the inert elec-
trode layer, the reactive electrode layer, and at least one
dielectric layer that 1s disposed above the solid electro-
lyte layer.

26. A memory module comprising at least one memory
device comprising a memory cell array that comprises a plu-
rality of mechanical stress compensation areas, each stress
compensation area comprising compressible material or
material having a negative thermal expansion coetlicient; and
spatial positions and dimensions of the stress compensation
areas being chosen such that mechanical stress occurring

within the memory cell array 1s at least partly compensated by
the stress compensation areas,

wherein the memory module comprises a programmable
metallization cell array, wherein the memory cell array
comprises a reactive electrode layer, an nert electrode
layer, and a solid electrolyte layer that 1s positioned
between the reactive electrode layer and the 1nert elec-
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trode layer, the solid electrolyte layer being electrically
connected to the reactive electrode layer and the inert
clectrode layer, and

wherein at least a part of at least one stress compensation

area 1s located within at least one of the solid electrolyte
layer, the iert electrode layer, the reactive electrode
layer, and at least one dielectric layer that 1s disposed
above the solid electrolyte layer.

277. The memory module according to claim 26, wherein
the memory module 1s stackable.

28. A semiconductor device comprising a plurality of
voids, spatial positions and dimensions of the voids being
chosen such that mechanical stress occurring within the
device 1s at least partly compensated by the voids,

wherein the semiconductor device comprises a solid elec-

trolyte random access memory cell array comprising a
reactive electrode layer, an nert electrode layer, and a
solid electrolyte layer positioned between the reactive
clectrode layer and the inert electrode layer, the solid

clectrolyte layer being electrically connected to the reac-
tive electrode layer and the inert electrode layer, and

wherein at least a part of at least one void 1s located within
at least one of the solid electrolyte layer, the inert elec-
trode layer, the reactive electrode layer, and at least one
dielectric layer that 1s disposed above the solid electro-
lyte layer.
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